Many genes in higher eukaryotes show sexually dimorphic expression, and these genes tend to be among the most divergent between species. In most cases, however, it is not known whether this rapid divergence is caused by positive selection, or if it is due to a relaxation of selective constraint. To distinguish between these two possibilities, we surveyed DNA sequence polymorphism in 91 Drosophila melanogaster genes with male-, female-, or nonsex-biased expression and determined their divergence from the sister species D.
INTRODUCTION
Males and females of animal species often differ in many morphological and behavioral traits. This sexual dimorphism has long fascinated biologists and served as the inspiration for Darwin's theory of sexual selection (DARWIN 1871) . Recent microarray studies have revealed that sexual dimorphism is also common at the level of gene expression (PARISI et al. 2003; RANZ et al. 2003; GIBSON et al. 2004) . For example, about 30% of all genes in Drosophila melanogaster show a twofold or greater difference in expression between the sexes (Parisi et al. 2004) . Comparative genomic studies have shown that such sex-biased genes, particularly those with male-biased expression, are among the most rapidly evolving genes between species (SWANSON et al. 2001; ZHANG et al. 2004; RICHARDS et al. 2005; KHAITOVICH et al. 2005) . This raises the possibility that adaptive processes, such as sexual selection, may drive the evolution of a large number of genes with sexually dimorphic expression (CIVETTA and SINGH 1999; SINGH and KULATHINAL 2000) . An alternate possibility, however, is that sex-biased genes evolve under relaxed selective constraint, which allows them to accumulate more neutral changes between species. For instance, the product of an autosomal gene with sex-specific expression only will be visible to selection over half of its evolutionary history when it is in the appropriate sex. The rest of the time, it will be in the sex where it is not expressed and will be invisible to selection. Thus, it may experience only half as much purifying selection as gene expressed equally in the two sexes (BARKER et al. 2005 ).
In some well-studied cases, the rapid evolution of male-biased genes has been attributed to positive selection (SWANSON and VACQUIER 2002) . In particular, the male reproductive genes of Drosophila, including those encoding accessory gland proteins (Acps), appear to be a rich source of adaptively evolving genes (TSAUR and WU 1997; TSAUR et al. 1998; AGUADÉ 1998; TING et al. 1998; NURMINSKY et al. 1998; AGUADÉ 1999; BEGUN et al. 2000; BETRÁN and LONG 2003) . However, the evolutionary forces affecting the vast majority of male-biased genes are unknown. Although they have been less studied than male-biased genes, there is also evidence for positive selection driving the rapid evolution of particular female-biased genes (SWANSON and VACQUIER 2002) . In these cases, either cooperative or antagonistic co-evolution between male and female reproductive proteins is thought to play an important role (CIVETTA and SINGH 2005) . For example, a survey of expressed sequence tags (ESTs) from the female reproductive tract of D. simulans uncovered a number adaptively evolving genes that may be the female counterparts of rapidly evolving male reproductive genes (SWANSON et al. 2004) .
A powerful method to distinguish the selective forces influencing a gene's evolution is to use combined polymorphism and divergence. Genes that have evolved adaptively are expected to show relatively little polymorphism within species, but high divergence between species. Genes under relaxed selective constraint, in contrast, should show higher levels of polymorphism within species that are proportional to their divergence between species. We have used this approach to determine the selective forces influencing the evolution of sexbiased genes. We surveyed DNA sequence polymorphism in 91 D. melanogaster genes with male-, female-, or nonsex-biased expression and also determined their divergence from the sister species D. simulans. Using statistical tests that compare ratios of polymorphism and divergence at synonymous and nonsynonymous sites, we inferred the type and strength of selection affecting the proteins encoded by genes of the three expression classes. We find that adaptive evolution is common among sex-biased genes (both male and female), but rare among nonsex-biased genes. This suggests that sexual selection and intersexual co-evolution play major roles in the genetic differentiation of species.
MATERIALS AND METHODS
Gene selection: Genes with sex-biased expression were selected on the basis of their male/female (or testes/ovaries) expression ratios, as determined by microarray experiments that used D. melanogaster (PARISI et al. 2003; RANZ et al. 2003; GIBSON et al. 2004 ). For male-biased genes, we required that the ratio be greater than 2.0 (mean = 15.2), while for the female-biased genes we required a ratio less than 0.5 (mean = 0.23). In other words, we required at least a twofold expression difference between the sexes for a gene to be classified as sex-biased. Nonsex-biased genes were required to have a male/female expression ratio between 0.75 and 1.25 (mean = 1.01). In general, the male-biased genes showed more extreme expression differences between the sexes than the female-biased genes, reflecting the pattern that is seen genome-wide (GIBSON et al. 2004; PARISI et al. 2004 ). Because the above three experiments used different microarray platforms, not all genes were represented in each experiment. However, for 44 (48%) of the genes, the sex-bias classification could be confirmed by all three experiments. An additional 43 (47%) genes were confirmed by two of the three experiments. The remaining genes (four male-biased genes) were confirmed by additional microarray experiments (ANDREWS et al. 2000; STOLC et al. 2004) . Because only one of the above experiments also compared male and female expression in D. simulans (RANZ et al. 2003) , we could not confirm the bias of all genes in this species. However, of the 61 genes with data from both species, 60 (98%) showed the same sex-bias classification. This included 22 male-biased genes, 25 female-biased genes, and 13 nonsex-biased genes. The one conflicting gene (CG4570) was female-biased in D. melanogaster, but nonsex-biased in D.
simulans. This gene showed no evidence for selection (Table S1 ) and removing it from our analysis does not affect our results or conclusions.
7
In addition to the expression criteria, genes were also selected to fall within a relatively uniform size distribution and to have similar intron/exon structures. This was done to remove the influence of coding sequence or intron length on the ratio of nonsynonymous/synonymous polymorphism or divergence (COMERON and KREITMAN 2002; COMERON and GUTHRIE 2005) . The mean lengths (standard deviations) for male-, female-, and nonsex-biased genes were 1006 (325), 1098 (372), and 821 (167) bp, respectively.
Because male-biased genes are known to be underrepresented on the X chromosome (PARISI et al. 2003; RANZ et al. 2003) , we limited our analysis to autosomal genes. It is important to note that functional information or measures of interspecific divergence were not considered in gene selection. Thus, aside from the selection criteria outlined above, our sample represents a random collection of sex-biased (and nonsex-biased) genes that is expected to be representative of the genome as a whole. A complete list of the PCR primers, as well as the cycling conditions used for each gene, is provided in table S2. PCR products were purified with ExoSAP-IT (USB, Cleveland, OH).
Sequencing of PCR products (both strands) was carried out using BigDye chemistry and a 3730 automated sequencer (Applied Biosystems, Foster City, CA). The PCR primers were also used as sequencing primers. When necessary to get complete sequence coverage of the entire coding region, additional internal sequencing primers were used (Table S2) . For some genes, we were unable to get successful PCR or DNA sequence from all 12 D. melanogaster strains (see Table S1 ). The average number of strains sequenced per gene was 11. For 25 8 genes, we were unable to obtain a PCR product from D. simulans using our primers designed to D. melanogaster. In these cases, we used the sequence from the D. simulans genome project (Washington University School of Medicine Genome Sequencing Center) downloaded from the UCSC Genome Browser (http://genome-test.cse.ucsc.edu/). Analysis: Sequences were edited using either Sequencher (Gene Codes, Ann Arbor, MI) or DNAstar (Madison, WI) software with manual adjustments to the alignments.
Polymorphism and divergence statistics were calculated using DnaSP 4 (ROZAS et al. 2003) .
For MK table data, we used the number of segregating mutations (instead of the number of segregating sites), because some genes had sites with three segregating variants. In these cases, the frequency of each mutation was considered separately for calculation of Tajima's D and the identification of singleton polymorphisms. For divergence, we considered only sites with fixed differences between all D. melanogaster lines and D. simulans. The fraction of positively selected amino acid substitutions, α, its 95% confidence intervals, and a likelihood ratio test for positive selection were calculated using the program DoFE (kindly provided by A. Eyre-Walker). The selection parameter, γ, its 95% confidence intervals, and the proportion of the distribution falling below zero were calculated using the MKPRF web server (http://cbsuapps.tc.cornell.edu/mkprf.aspx). Multi-locus HKA and Tajima's D tests were performed using the program HKA, which was kindly provided by J. Hey analyses, we ignored these sites with deletions. Elimination of the three above genes from our analyses has negligible effect on our results and does not alter the conclusions of this paper.
RESULTS
To investigate the type and strength of selection influencing the evolution of sexbiased genes, we surveyed DNA sequence polymorphism in 91 protein-encoding genes in a sample of 12 highly inbred D. melanogaster isofemale lines from Zimbabwe, Africa (Tables 1   and S1 ). The genes were selected on the basis of previously published microarray results (PARISI et al. 2003; RANZ et al. 2003; GIBSON et al. 2004) , which allowed them to be separated into three expression classes: male-biased, female-biased, and nonsex-biased. For the sex-biased genes, we required at least a twofold difference in expression between the sexes, while for the nonsex-biased genes we required the difference to be less than 1.25-fold.
In all cases, the expression difference was confirmed by at least two independent microarray experiments. The Zimbabwe population of D. melanogaster was chosen because it is an ancestral, near-equilibrium population that is expected to be largely free from confounding demographic factors, such as population expansion or subdivision (GLINKA et al. 2003; OMETTO et al. 2005) . For each gene, we also determined interspecific divergence using a single sequence from D. simulans.
The combination of within-species polymorphism and between-species divergence data allows the application of powerful statistical methods to detect departures from neutral evolution. For example, The HKA test (HUDSON et al. 1987) compares the ratio of polymorphism to divergence at two (or more) loci. Under neutrality, these ratios are expected to be equal. A departure from the neutral expectation could be caused by selective or demographic factors. For the 91 genes in our survey, a multi-locus HKA test was highly significant (X 2 = 181.1, P < 0.001). In contrast, OMETTO et al. (2005) detected no significant departure from neutrality for 232 non-coding loci (introns and intergenic regions) sequenced in the same Zimbabwe population sample. This suggests that the departure observed for our genes is caused by selection and not the demographic history of the population.
The combination of polymorphism and divergence data also allows the application of powerful statistical methods to infer the type and strength of selection affecting groups of protein-encoding genes. In general, these methods are based on the McDonald and Kreitman (MK) test (MCDONALD and KREITMAN 1991) , which compares the ratio of polymorphism and divergence at synonymous sites to that at nonsynonymous sites. Under a neutral model of molecular evolution, the two ratios are expected to be equal. A relative excess of nonsynonymous divergence is indicative of positive selection favoring amino acid replacements between species. A relative excess of nonsynonymous polymorphism could be caused either by balancing selection, which maintains amino acid polymorphism within a species, or by weak purifying selection, which allows slightly deleterious nonsynonymous mutations to segregate as low-frequency polymorphisms, but not become fixed between species.
Application of individual MK tests to the genes in our survey revealed interesting selective differences among genes of the three expression classes. Strikingly, about 20% of the genes in both the male-and female-biased classes gave a significant MK test result ( Table   1 ). All of the significant male-biased genes departed from neutrality in the direction of positive selection, while only half of the significant female-biased genes were indicative of positive selection (Table 2 ). The other half departed from neutrality in a pattern consistent with either balancing or weak purifying selection. The former should increase the frequency of polymorphic amino acids within a population and, thus, increase Tajima's D statistic (TAJIMA 1989) at nonsynonymous sites. However, there was no evidence for this within the female-biased genes in general (Table 3) , or within the individual genes showing significant MK tests in this direction (Table 2 ). For the female-biased genes with a significant excess of nonsynonymous polymorphism, the average Tajima's D at nonsynonymous sites was -1.38, which is far lower than the average for all other female-biased genes of -0.39. This suggests that the observed departures from the neutral expectation are due to weak purifying selection against nonsynonymous mutations. Only one of the nonsex-biased genes showed a significant departure from neutrality by the MK test (Tables 1 and 2) , and this gene was also consistent with weak purifying selection. Thus, both groups of sex-biased genes showed evidence for increased positive selection relative to nonsex-biased genes. For the genes showing significant evidence for positive selection, the average Tajima's D at nonsynonymous sites was -0.30, which is well above the average for male-and female-biased genes (see Table 3 ), but still lower than the average D at synonymous sites in these same genes (-0.09). Thus, it may be that some amino acid positions in these genes have been subject to weak purifying selection, while others have been subject to positive selection.
An MK test using the summed polymorphism and divergence values within each class of genes indicated a significant departure from neutrality in the direction of positive selection for the male-biased genes (Table 1) . Female-biased genes also showed an excess of nonsynonymous divergence consistent with positive selection, although this was not significant. Nonsex-biased genes did not differ from the neutral expectation and showed a slight, though insignificant, excess of within-species nonsynonymous polymorphism.
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The MK test framework can be expanded to multilocus polymorphism and divergence data to estimate the average type and strength of selection affecting groups of genes. We used a maximum likelihood method (BIERNE and EYRE-WALKER 2004) to estimate α, the fraction of amino acid replacements between species that can be attributed to positive selection, within each class of genes (Figure 1 ). For the male-biased genes, we estimate that 44% of all amino acid replacements were driven by positive selection, while for female-biased genes the estimate is 13%. This fraction is significantly greater than zero for the male-biased genes (likelihood ratio test, P < 0.001), but not for the female-biased genes. Nonsex-biased genes, in contrast, showed no evidence for positive selection and, if anything, showed evidence for weak purifying selection (α < 0). If weak purifying selection is common in all classes of genes, then the above values of α will be underestimates. Indeed, the observation that nonsynonymous polymorphisms segregate at lower frequency than synonymous polymorphisms, as indicated by Tajima's D statistic ( Table 3 ), suggests that weak purifying selection affects all three classes of genes. To reduce the effect of weak purifying selection, we repeated the above analysis after removing all low frequency (singleton) polymorphisms at both synonymous and nonsynonymous sites (Figure 1 ). This led to α estimates of 69%, 47%, and 33% for male-and female-, and nonsex-biased genes, respectively. These fractions are significantly greater than zero for the male-and female-biased genes (likelihood ratio test, P < 0.001 and P < 0.01, respectively), but not for the nonsex-biased genes. The removal of singleton polymorphisms had a particularly strong effect on the female-biased genes, where the ratio of nonsynonymous to synonymous singletons (56/94 = 0.60) was greater than that for male-biased genes (75/195 = 0.38; X 2 = 4.1, P = 0.04) and nonsex-biased genes (44/103 = 0.43; X 2 = 1.8, P = 0.18).
We also estimated the average strength of selection for amino acid replacements within each group of genes using a Bayesian analysis method (BUSTAMANTE et al. 2002) .
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With this approach, the MK table data is used to estimate a selection parameter, γ = 2N e s,
where N e is the effective population size and s is the selection coefficient. The estimated selection parameters were greater than zero for both male-and female-biased genes, with mean values of 0.9 and 1.4, respectively (Figures 2A and 3A) . For both male-and femalebiased genes, the proportion of the distribution of mean γ falling below zero was less than 1%
(P (y <0) < 0.001 and P (y <0) < 0.01, respectively). This indicates positive selection favoring amino acid replacements, with the strongest selection occurring in female-biased genes. However, the variance in the mean γ was quite large for female-biased genes and its distribution showed considerable overlap with that of the male-biased genes ( Figure 2A ). Nonsex-biased genes had a mean γ that was slightly (but not significantly) less than zero (γ = -0.1), again suggesting that there is weak purifying selection against nonsynonymous mutations. As above, we repeated our analysis after excluding all low-frequency polymorphisms ( Figures   2B and 3B ). This resulted in more similar estimates of the mean γ for male-and female-biased genes (2.0 and 1.8, respectively), and in both cases the proportion of the distribution of mean γ falling below zero was less than 0.01%. Nonsex-biased genes had a positive value of γ (0.2), though this was not significantly greater than zero. Removal of singleton polymorphisms had the largest effect on the mean γ of the male-biased genes, which increased by over twofold, and also had a major effect on the distribution of the sex-biased and nonsex-biased genes.
After removal of the singletons, there was an almost complete separation of sex-biased and nonsex-biased genes ( Figure 3B ), with all of the sex-biased genes having γ values greater than zero.
14 DISCUSSION Our analyses of polymorphism and divergence indicate that adaptive evolution occurs more frequently in sex-biased genes (both male and female) than in nonsex-biased genes.
Male-biased genes, in particular, appear to be consistent targets of positive selection. Femalebiased genes show more variance in the type of selection they experience, with positive selection affecting some genes and purifying selection affecting others. Nonsex-biased genes appear to evolve primarily under purifying selection and have undergone relatively little adaptive evolution since the split of D. melanogaster and D. simulans. These results argue against the hypothesis that the rapid evolution of sex-biased genes is the result of relaxed selective constraint (see INTRODUCTION). This hypothesis predicts that the ratio of nonsynonymous to synonymous polymorphism within species should equal the ratio of nonsynonymous to synonymous divergence between species. However, we find a general excess of nonsynonymous divergence in the sex-biased genes that is reflected in their positive values of the selection parameters α and γ (Figures 1 and 2 ) and indicates that positive selection has driven their evolution at the protein level.
The finding that male-biased genes show high rates of adaptive evolution is consistent with previous reports that looked at interspecific divergence and the relationship between protein divergence and local recombination rate (ZHANG et al. 2004; ZHANG and PARSCH 2005) . However, those studies did not find evidence for adaptive evolution in female-biased genes. A possible explanation for this is that the previous studies used a set of genes cloned from an EST survey (DOMAZET-LOSO and TAUTZ 2003) that was enriched for highly expressed genes. The female-biased genes, in particular, showed exceptionally high levels of both absolute expression and synonymous codon usage bias (HAMBUCH and PARSCH 2005) .
This suggests that the EST collection was comprised of an unusually constrained set of female-biased genes subject to strong purifying selection. A further difference between the present and the previous studies is that the latter did not include extensive within-species polymorphism data. Thus, the previous studies had less power to detect adaptive evolution and could not account for differences in selective constraint among genes.
Although the selection parameters α and γ are defined differently (the former as the fraction of positively selected amino acid substitutions and the latter as their average scaled selection coefficient), both are calculated from the same MK-table data. Thus, one would expect the two measures to be highly correlated. However, we observe a marked difference between the two with respect to the female-biased genes, where the relative level of positive selection is greater when measured by γ (compare Figures 1 and 2 ). The reason for this appears to be in the way the two methods are implemented. Both assume that synonymous sites evolve neutrally and use the ratio of divergence to polymorphism at these sites to determine a neutral standard. In the method of BIERNE and EYRE-WALKER (2004), α is calculated separately for each group of genes (male-, female-, and nonsex-biased) using only the synonymous sites from that particular group, while in the method of BUSTAMANTE et al.
(2002), γ is calculated for each group of genes using the combined synonymous sites of all genes as the neutral standard. In our data, the female-biased genes have a higher ratio of divergence to polymorphism at synonymous sites (631/233 = 2.71) than both the male-biased (744/447 = 1.66) and the nonsex-biased genes (436/267 = 1.63). This can explain the observed discordance in selection parameter between the two methods. If we re-calculate γ using the synonymous sites of each group of genes separately, we obtain estimates of 1.23, 0.62, and -0.02 for male-, female, and nonsex-biased genes, respectively, which agrees well with the estimates of α. Using this approach, γ for female-biased genes is no longer significantly greater than zero (P = 0.065). When all singleton polymorphisms are removed, 16 the γ estimates increase to 2.39, 0.89, and 0.36, for male-, female, and nonsex-biased genes, respectively, and γ for the female biased genes is significantly greater than zero (P = 0.002).
It is not clear why the ratio of polymorphism to divergence at synonymous sites is elevated in the female-biased genes relative to the other two groups. One possibility is that the three groups of genes experience differential selection for synonymous codon usage. On a genome-wide scale, significant differences in codon bias have been observed among groups of sex-biased genes (HAMBUCH and PARSCH 2005) . However, it was male-biased genes that differed significantly from female-and nonsex-biased genes, while the latter two groups showed equal levels of codon bias. This pattern does not correspond to the pattern seen for polymorphism and divergence at synonymous sites. Furthermore, for the genes included in the present study the frequency of optimal codon usage (Fop; IKEMURA 1981) is 0.51, 0.53, and 0.56, for the male-, female-, and nonsex-biased genes, respectively, which also does not correspond to the pattern seen for polymorphism and divergence at synonymous sites.
Why does adaptive evolution occur so frequently in sex-biased genes? We first consider the male-biased genes. In a highly polygamous species, such as D. melanogaster, in which there is no paternal investment in offspring and females are able to store the sperm from a single mating to fertilize a lifetime's worth of eggs, sexual selection among males is expected to be very strong. This is evident in the intense sperm competition that occurs among males, which is influenced by accessory gland proteins and other male-expressed genes (CLARK et al. 1995 (CLARK et al. , 1999 . Indeed, some of these proteins are known to affect a male's reproductive output and show clear signs of adaptive evolution (HERNDON and WOLFNER 1995; TSAUR and WU 1997; TSAUR et al. 1998; AGUADÉ 1998 AGUADÉ , 1999 BEGUN et al. 2000; CHAPMAN et al. 2000) . Acps, however, represent only a small fraction (less than 10%) of genes with male-biased expression (SWANSON et al. 2001) , and none of the genes in the current study are known Acps. This suggests that many other male-biased genes may be either directly or indirectly involved in determining reproductive success and, thus, subject to sexual selection (ZHANG and PARSCH 2005) . Indeed, laboratory evolution experiments have shown that, when subject to strong male-male competition (or released from it), Drosophila males show heritable changes in many aspects of their reproductive biology and behavior (RICE 1996; HOLLAND and RICE 1999) , which are presumably controlled by a wide variety of genes.
What drives the adaptive evolution of female-biased genes? Because there is less variation in reproductive success among Drosophila females than males, sexual selection is expected to be much weaker in females. However, sexual selection on male traits may lead to rapid co-evolution of female reproductive traits or vice versa. In some cases, the co-evolution may be considered cooperative, with males and females sharing the same evolutionary interests. One possible example is the correlated evolution of male sperm length and female seminal receptacle length in Drosophila species (PITNICK et al. 1999; MILLER and PITNICK 2002) . However, it is also possible that in this and many other cases, conflict between male and female reproductive interests drives co-evolution. For example, it may be that the strong selection pressure on males to maximize paternity leads to the fixation of traits that are harmful to females, which, in turn, leads to selection for females that can counteract their effect. Indeed, components of male seminal fluid, including Acps, are known to have deleterious effects on mated females (CHAPMAN et al. 1995; WIGBY and CHAPMAN 2005) .
Furthermore, sexually antagonistic (or "arms race") co-evolution has been demonstrated in laboratory populations of D. melanogaster, where sexually selected males are known to shorten the lifespan of their naive female mates (RICE 1996) . Females that have co-evolved with males, however, are able to avoid these damaging consequences, indicating that they adapt in response to the males in their environment. Although the genes underlying these coadapted female traits are unknown, several female-expressed genes showing the molecular hallmarks of sexually antagonistic co-evolution, including a significant excess of nonsynonymous divergence between species, have been recently identified (SWANSON et al. 2004 ).
In summary, we propose that the increased signal of positive selection seen for genes with sex-biased expression results from the combined action of sexual selection and intersexual co-evolution. The former should affect primarily males, while the latter will affect both males and females. This provides a biological explanation for why the signal of selection is stronger and more consistent for male-biased genes, but weaker and more variable for the female-biased genes. An alternate explanation is that only a subset of the genes with femalebiased expression may be free to evolve in response to male traits, while another subset is under strong selective constraint to perform essential functions during development. This would also lead to increased variance in the selection parameter estimate for female-biased genes. In addition, it may be that many female counterparts of rapidly evolving male reproductive genes are expressed in both sexes and/or in non-reproductive tissues and, thus, would not be identified as female-biased from the microarray expression data. If this is the case, then the role of sexual antagonism in molecular evolution may be greater than suggested by our results. c The total number of synonymous fixed differences.
d The total number of synonymous polymorphisms.
e The total number of nonsynonymous fixed differences.
f The total number of nonsynonymous polymorphisms.
g The P-value of the summed data as determined by a χ 2 -test. 
